The electrochemical properties of minerals are often difficult to study due to the need to maintain an electrical contact with the current collector. In this study it is shown that a paste of the powdered mineral can easily be made by mixing it with an ionic liquid and painting this onto an electrode surface. This enables voltammograms with high resolution and relatively low resistive artefacts to be obtained. The oxidative and reductive charge can be correlated to the loading of mineral on the electrode.
Introduction
The issue with studying the electrochemistry of solid, conducting materials is maintaining electrical conductivity with the charge collector and the electrolyte. This study could refer to almost any conducting material but for the purpose of this article the mineral galena (PbS) was used as a test substrate.
One method to study the electrochemistry of minerals is to have a single crystal contacted to an electrode using a conducting silver epoxy. The issue with this is that some minerals are poorly conducting and so there is usually a resistive artefact which decreases the resolution of the voltammogram to such an extent that very broad waves are usually obtained.
An alternative approach which has been used is to make a composite mixture of powdered mineral, with an inert conducting material such as graphite and an inert fluid such as a silicone oil. The components are usually ground into a paste which can be pressed into an electrode. These are laborious to make and can also lead to resistive artefacts. Practical issues usually limit the current collector to carbon [1] . A review of electrochemical analysis of solids has been carried out by Grygar et al. [2] and a database of the electrochemical properties of minerals and artists pigments has also been collated [3] . 2 An alternative approach would be to isolate the powder within an inert, ion conducting medium which has an appropriate viscosity such that a paste forms which adheres to the electrode surface. In this case it is demonstrated that a conducting paste can be made by taking a powdered mineral and mixing it with an ionic liquid. Ionic liquids have been used extensively in electrochemical applications [4, 5] . In the case of this paper, a deep eutectic solvent, DES will be used to form the conducting paste. DESs are mixtures of a quaternary ammonium electrolyte and a hydrogen bond donor such as urea or ethylene glycol [6] . They have been used for large scale electrochemical applications such as electrodeposition and electropolishing [7, 8] . They are also being used for mineral [9] and metal oxide processing applications [10] . The relatively high viscosity of DESs and ionic liquids enables the paste to have the requisite properties to adhere the mineral to the surface of most electrode materials.
The relatively high conductivity of the ionic liquid or DES reduces the resistive artefacts which are often characteristic of carbon paste electrodes. In the current investigation galena was chosen as the mineral to study as its electrochemistry in aqueous solutions has been widely reported [11, 12, 13] .
Instruments and Experiments
The DES used in all experiments was synthesised from a 2:1 molar ratio of ethylene glycol and choline chloride. The mixture (commonly known by its trade name of Ethaline) was stirred at 70 o C until a homogeneous solution was observed. A paste was made by grinding 63 mg of galena to a particle size of 100 µm with a pestle and mortar and mixing it with 106 mg of a DES. The paste was applied to the surface of an electrode using a fine paintbrush.
Cyclic voltammetry (CV) experiments were carried out using an Autolab Type III potentiostat with GPES software. A three electrode system was used, in which the working and counter electrodes were both 1 cm 2 Pt flags, the working electrode bent at a 90 o angle to provide a flat surface for applying the mineral paste. All potentials were determined vs a Ag/AgCl (0.1 M in Ethaline) reference electrode. When the coated electrode was immersed in the electrolyte (in this case also Ethaline) the mineral remained adhered to the electrode surface during and after immersion. Three anodic peaks can be seen (A1 to A3) and two cathodic peaks (C1 and C2). Starting with the potential at 0.0 V and scanning in a negative direction the peak C2 does not appear and C1 is small. C1
Results and discussions
and C2 only become pronounced once the anodic sweep has gone beyond A3. It is proposed that A3 is due to the oxidation of PbS and C2 is due to the reduction of a species formed in this process. A3 must also release a lead species as the electrodeposition of lead can be assigned to C1 while A1 is the subsequent stripping of Pb (see below). The process was also attempted by making a paste of the mineral in Ethaline and immersing it in aqueous sodium chloride solution. The mineral paste remained on the electrode surface although the cyclic voltammogram was less well resolved as the aqueous solution did not wet the mineral well. . The peak at C3 was ascribed to lead deposition, A4 is bulk lead dissolution and A5 is the dissolution of a Pb-Pt alloy. The peak at C2 is not observed for PbSO4 and PbO so can therefore be ascribed to the sulfur species in galena. Figure 2d shows that the technique can also be used for more electrically resistive materials such as sulfur. In this case yellow sulfur (Aldrich, reagent grade, 100 mesh) was used with
Ethaline. This voltammogram shows one main anodic process, A7, and one cathodic process C4 with a shoulder A6 in the anodic sweep.
The cyclic voltammetry of a solution saturated with sulfur has also been reported by Manan et al. [15] who used glassy carbon, Au and Pt electrodes to study sulfur electrochemistry but b
Figure 2: (a) voltammogram of 10.3 mg of galena paste on a Pt electrode and (b) as a function of galena loading. (c) and (d) show the voltammograms of lead chloride and sulfur powders respectively prepared in the same method as Figure 1. c d a
using an ionic liquid, 1-butyl-3-methyl-imidazolium dicyanamide as the electrolyte. They saw a similar response to that shown in Figure 2d although the cathodic signal was clearly separated into two signals on gold and GC whereas the two peaks overlapped more on Pt.
They assigned the cathodic processes to
and proved this by synthesising Na2S6 and Na2S4 and comparing the optical properties of their solutions with that produced from the reduction of S8. It is proposed that C4 is an amalgamation of reactions 1 and 2 and A6 and A7 are the reoxidation processes. The charge on the anodic and cathodic sweeps are very similar (Q+ = 5.1 (+ 0.1) x 10 -3 and Q-= is 6.2 (+ 0.1) x 10 -3 C).
The lack of redox signals in Figure 2a corresponding to the potentials shown in Figure 2d for sulfur oxidation and reduction seem to suggest that A3 is not the process PbS -2e → Pb II + S which was proposed by Cisneros-Gonzalez et al. [16] in aqueous solutions i.e. elemental sulfur in not produced by the galena oxidation process. Voltammetry also shows no evidence of passivation and observing the surface under a 3D optical microscope, clear bulk dissolution of the surface can be observed. Gardner and Woods studied the redox chemistry of a single crystal sample of galena in aqueous solutions as a function of pH. It was found that in acidic HClO4 solutions anodic oxidation led to a soluble Pb species with a layer of amorphous sulfur forming on the electrode which restructures to become porous and enable further surface dissolution [17] . In basic solutions (pH 6.8 to 11) the principal product was lead oxide with some thiosulfate and sulfur. The voltammograms exhibit one anodic and one cathodic response both of which are irreversible in acidic solutions. The cathodic response becomes partially reversible in basic solutions.
The voltammetry of galena was also studied in aqueous solutions at pH 2 using a carbon paste electrode by Cisneros-Gonzalez et al. [18] Scanning the potential in a positive direction first resulted in a large, irreversible oxidation process at + 0.6V vs SCE which could be due to the oxidation of sulfide to sulfur followed by the formation of sulfate at higher anodic over-potentials. On the cathodic sweep a smaller, reversible redox process was observed at -0.5 V which was ascribed to Pb deposition and stripping, presumably released by the first oxidation process. The authors also showed the effect on the voltammetry from the addition 6 of chloride ions to the solution and it was found that the anodic process became more resolved and its shape and potential became similar to that seen in Figure 2a [18] . The difference in oxidation potential between A1 and A3 is the same as that reported with aqueous 1.0 mol dm -3 sodium chloride. Comparison of the redox potentials is difficult due to the different reference electrodes but the relative positions of the peaks are similar. The anodic peak A2 is missing from either of the aqueous studies as they did not use Pt as a current collector. The aqueous study did, however observe a quasi-passivation of the electrode due to the precipitation of insoluble PbCl2 which does not appear to occur in Ethaline. It is proposed that the oxidation of galena in a high chloride environment leads to a soluble Pb species with a sulfur ligand. The same behaviour has been observed for a variety of iron minerals including pyrite and marcasite [19] .
To determine whether metallic Pb could be recovered from galena paste in Ethaline a bulk 
Conclusions
This study has shown that the electrochemical properties of conducting and semiconducting powders can be investigated using a paste of the material with an ionic liquid or DES and painting it onto an electrode surface. The mineral galena was studied in this case in Ethaline and it was shown that the electrochemical behaviour was clearly defined using this type of modified electrode. The use of a paint casting method was also shown to be simple method by which metal ions could be solubilised from a mineral and the metal recovered on the counter electrode in a pure state.
